The symmetry properties of the Gulf Stream-type jet equilibrated over topographic slope are investigated in a series of idealized numerical experiments. A baroclinically unstable zonal jet equilibrates over a sloping bottom through the process of potential vorticity (PV) homogenization underneath the main thermocline by the bottomintensified eddy activity associated with the stream meandering. Potential vorticity homogenization underneath the main thermocline leads to formation of recirculation gyres on both sides of the jet. The magnitude of the northern recirculation gyre, as measured by its westward transport, is larger than the magnitude of the southern recirculation gyre. This asymmetry in recirculations is shown to be the result of an asymmetric PV mixing underneath the thermocline produced by an asymmetric jet. In particular, the lateral shift of the velocity maximum near the surface relative to the velocity maximum at depth is shown to be responsible for the asymmetry. The results are related to the Gulf Stream data between 73Њ and 65ЊW.
Introduction
The typical behavior of the Gulf Stream (GS) between Cape Hatteras and 55ЊW can be illustrated with Fig. 1 , which shows a sequence of GS paths derived from Advanced Very High Resolution Radiometer (AVHRR) satellite SST data. The sequence starts on 20 June 1988 and goes on for roughly 5 weeks. Large amplitude meanders can be seen propagating along the stream path starting from approximately 70Њ down to 55ЊW. Many studies over the past decades investigated the physical mechanisms of meandering and eddy detachment in baroclinic jets such as the GS. These studies have suggested that fluctuations in the GS path are caused by baroclinic-barotropic instability processes that are influenced by the beta effect and bottom topography. Conventional stability theory has demonstrated some success in predicting the wavelengths and e-folding times of observed meanders. In particular, Holland and Haidvogel (1980) showed that temporal instabilities arising from a GS-type jet are predominantly baroclinic with a wavelength of approximately 300 km and e-folding time near 6 days. Their results are in accord with both observations (e.g., Robinson et al. 1974 ) and the numerical simulations performed by Ikeda (1981) .
Even though the behavior pattern presented in Fig. 1 is typical for the GS between Cape Hatteras and 55ЊW, another pattern can also be observed. Figure 2 shows a sequence of GS trajectories similar to the sequence depicted in Fig. 1 . This sequence starts on 22 June 1987 and lasts for over 5 weeks. The most notable feature is the absence of significant GS meanders between Cape Hatteras and 65ЊW. Small undulations of the GS trajectory are propagating downstream without amplification indicating that the stream has apparently reached stable (equilibrated) state that is capable of maintaining itself for a considerable period of time. Our present knowledge of this equilibrated GS behavior pattern is very limited.
There are two main questions related to the phenomenon of GS equilibration: 1) what is the principal mechanism that leads to the equilibration and 2) what is the structure of the equilibrated stream? Regarding the first question it was demonstrated by Sutyrin et al. (2001) that the equilibration of the jet results from the process of Potential Vorticity (PV) homogenization underneath the main thermocline by the deep eddy activity associated with the stream meandering. The bottom-intensified eddies vertically coupled with GS meanders, as an essential part of the baroclinic instability mechanism, generate cross-stream exchange underneath the main thermocline. As a result, the cross-stream PV gradient in the lower layer, which initially has the sign opposite to that in the upper layer providing a necessary condition for baroclinic instability of the stream, is eliminated . The second question is addressed in the present study. Here we investigate a zonally averaged structure of the equilibrated stream and its dependence on the bottom topography. In particular, the asymmetry of the equilibrated stream structure is the primary focus of this paper.
VOLUME 34 J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y FIG. 1. Sequence of observed GS positions 20
Jul-4 Sep 1986 derived from AVHRR satellite SST data (courtesy of P. Cornillon). The paths are indicated with a thick solid line; missing fragments correspond to cloud-covered regions where SST data were not available. As a reference, the bottom topography is shown with thin contours at 1000-m interval.
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The equilibration and associated recirculations of unstable barotropic and equivalent-barotropic jets with nonmonotonic cross-stream PV profile were earlier studied in quasigeostrophic models (e.g., Jayne et al. 1996; Jayne and Hogg 1999) . In the barotropic type of jets the instability is related to PV gradient inversion controlled by a competition between horizontal shear and the beta effect so that the equilibration mechanism is related to PV homogenization in the same layer. In a baroclinic jet, considered in this study, the PV profile in the most energetic upper layer is monotonic, while the necessary condition for the baroclinic instability is provided by a PV gradient inversion between the upper and lower layers controlled by a competition between stretching and the beta effect. In this case, the equilibration is related to horizontal PV homogenization beneath the jet and results in a mean flow in the lower layer. The mean flow increases the barotropic transport on the warm side and generates a recirculation that is more pronounced on the cold side. The cross-stream asymmetry of the mean flow in the lower layer beneath the frontal zone was a characteristic feature of several numerical simulations (Wood 1988; Boss and Thompson 1999; Sutyrin et al. 2001) . The physical processes leading to this asymmetry are the major focus of this study.
Our approach is based on idealized numerical experiments designed to illuminate the physical processes involved. The experimental setup is described in section 2. In section 3 a baroclinic jet in this idealized setting is shown to be capable of reaching an equilibrated state similar to that observed in the real GS. The cross-stream asymmetry of the equilibrated jet and its dependence on the topographic slope are investigated in section 4. Comparisons with observations are presented in section 5. We then proceed with identifying the primary physical mechanisms leading to the asymmetry (section 6). The conclusions are formulated in section 7.
Experimental design
The primary numerical tool used in this study is the Princeton Ocean Model (POM). Originally developed by Blumberg and Mellor (1987) , POM is widely distributed to the academic community and industry and is run operationally as a part of the Coastal Ocean Forecast System (COFS) at the National Centers for Environmental Prediction. The latest version of the model is described in detail by Mellor (1998) . The POM is a fully three-dimensional, primitive equation model with complete thermohaline dynamics. The model equations are solved in a curvilinear coordinate system. In this study the model is configured with a spherical coordinate system in the horizontal and with a -coordinate system, that is, following the ocean bottom and the free surface, in the vertical. The bottom-following coordinate system allows for better representation of the current-topography interactions. A second-order turbulence closure scheme (Mellor and Yamada 1982) is embedded in the model to provide vertical mixing parameters. The horizontal diffusion terms are calculated using the scales of motion resolved by the model and the local deformation field (Smagorinsky 1963 ). The density is calculated using the modified UNESCO equation of state (Mellor 1996) .
The POM is configured as a zonal channel 2400 km long and 1200 km wide with two open boundaries on the inflow and the outflow sides. The bottom of the channel has a uniform meridional slope designed to simulate the continental slope that is present underneath the real GS between Cape Hatteras and the New England Seamounts. A uniform grid with horizontal resolution of 1/8Њ (ϳl3.5 km) is utilized. This is approximately one third of the mean baroclinic deformation radius and 1/30 of the dominant meander wavelength. There are 25 levels distributed vertically so as to provide maximum resolution of 100 m within the main thermocline. Closed boundary conditions (BCs) are applied along the northern and southern boundaries. The BCs applied at the eastern and western boundaries vary during the course of model integration. The BCs are periodic in the beginning of integration, switching to standard open inflow/outflow conditions by the time the meander packet reaches the eastern boundary. A 15-grid-point-wide sponge layer is always applied at the outflow (eastern) boundary.
The periodic zonal BCs are used to minimize distortions at the inflow boundary, preventing the generation of a secondary meander packet. Fixed inflow at the western boundary can lead to a mismatch between the jet structure at the boundary and in the domain interior. The mismatch occurs because the jet structure in the interior is evolving in time due to lateral and vertical friction, while the jet structure at the boundary remains fixed. The mismatch causes significant distortions to form at the inflow boundary and generates a secondary meander packet. Periodic BCs eliminate this problem by transporting the jet structure from the interior to the inflow boundary. The switch to inflow/outflow zonal BCs is made to allow the meander packet to leave the model domain without impacting the interior solution. If periodic BCs are used throughout the entire integration, stream undulations associated with the leading edge of the meander packet are transferred to the inflow boundary after reaching the outflow boundary, causing artificial distortions to the stream behind the meander packet. The open inflow/outflow BCs coupled with the sponge layer eliminate this problem.
Initial conditions are chosen to represent a straight zonal jet in geostrophic balance with the density structure reconstructed from the five-layer PV model of the GS (Logoutov et al. 2001) . In short, the PV model represents the vertical structure of the jet in terms of potential vorticity gradients in five isopycnal layers. The upper layers are characterized by a strong positive PV gradient, representing the front between slope water and Sargasso Sea water. The intermediate layers are char-acterized by a weak PV gradient, representing the processes of lateral mixing underneath the main thermocline. The lower layer is initially motionless; therefore its potential vorticity is determined entirely by its thickness. Since the main thermocline shoals toward the north, it creates a negative PV gradient in the lower layer, providing the necessary condition for baroclinic instability.
Although the POM employs a bottom followingcoordinate system, it is more convenient to analyze the results in isopycnal layers. This approach offers a major advantage since water parcels move along isopycnals rather than along isobars. The essential PV features and other water properties are better retained and emphasized in an isopycnal representation. To analyze the results all the quantities are averaged vertically over the intervals between density interfaces. The terms ''upper layer'' and ''lower layer'' that we will be using in further discussions refer to the vertical average between the surface and ⌰ ϭ 26.0 and between ⌰ ϭ 27.76 and the bottom respectively.
The meander packet development is analyzed using the jet trajectory. Different parameters can be used to characterize the meander packet development. For example, Sutyrin et al. (2001) used the cross-stream velocity component, and Swanson and Pierrehumbert (1994) used the streamfunction and the enstrophy. For the present study we find the explicit jet trajectory analysis is more appropriate because it allows for much better representation of the asymmetry in the meandering process since the amplitudes of the crests and the troughs can be defined separately. We define the jet trajectory in a manner similar to the one used in the most common definitions of GS position; that is, we define the position of the jet as the 12ЊC contour at 400-m depth. Since the ring formation is prevented in our experiments by the selected range of bottom slopes (see section 3), the above definition of the jet trajectory is quite robust. The meander amplitudes are calculated directly as the maximum deviation of the trajectory from its initial position.
Basic numerical experiment
Our basic numerical experiment is very similar to the experiments of Sutyrin et al. (2001) . It's description summarizes the results of Sutyrin et al. (2001) , which serve as a basis for this study. In our basic experiment a small Gaussian-shape initial disturbance of the jet trajectory is specified 500 km east of the western boundary. The model is then integrated for 60 days. In all experiments the f -plane approximation is used. In the upper layer of such a strong baroclinic jet as the GS, including the planetary vorticity gradient (the ␤ effect) effectively does not change the PV distribution. Since in the upperlayer PV varies monotonically across the stream, the additional PV gradient of the same sign related to the ␤ effect cannot create cross-stream PV gradient inversion. In the lower layer the ␤ effect is equivalent to a bottom slope of 0.001; that is, it could be taken into account by increasing the bottom slope. Sutyrin et al. (2001) has indeed shown that the effect of the planetary beta in the lower layer can be adequately represented by increasing the bottom slope, even though the ␤-plane approximation does affect the details of meander evolution and should be used for realistic meander modeling. Therefore, our results can be easily translated onto the ␤-plane approximation by relating the f -plane experiments to corresponding experiments with reduced bottom slope.
In all of our experiments the evolution of the jet is considered over a zonally uniform bottom slope. The magnitude of the slope is chosen to be larger than 0.002, which is representative for the topography beneath the real GS west of 65ЊW. As shown by Sutyrin et al. (2001) two different regimes of jet evolution can develop depending upon the magnitude of the bottom slope. For slopes smaller than 0.002 a ring formation process can occur leading to a regime characterized by the presence of surface-intensified cutoff eddies (rings) that can interact with the jet. This regime is characteristic for the GS west of New England Seamounts where wider recirculations can form. For slopes steeper that 0.002 an alternative regime of the jet evolution develops. In this regime the ring formation process is suppressed and cutoff eddies do not form in the domain. The analysis presented in this study is limited to the second regime. Figure 3 shows a typical example of the jet evolution in the experiment with 0.002 bottom slope. The thick solid line indicates the jet position defined as the position of the PV front in the upper layer. It is superimposed by the streamfunction at 2500 m (light and dark shaded contours indicate positive and negative regions correspondingly), which is calculated by inverting the vorticity field. The origin of the coordinate system is chosen at the initial jet position in the meridional direction and at the location of the initial disturbance in the zonal direction. The initially specified small meander grows and propagates downstream and takes the form of a meander packet consisting of growing meanders accompanied by bottom-intensified cyclones and anticyclones, which we call the deep eddies. The number and intensity of the deep eddies increases, being coupled with the meander growth by the baroclinic instability mechanism. The deep eddies are associated with the PV anomalies in the lower layer as described in .
During the first 20 days, the centers of the deep eddies are located between the meander crests and troughs along the initial jet trajectory (day 20 in Fig. 3 ). This vertical phase shift is associated with the linear stage of meander growth and is consistent with baroclinic instability theory (e.g., Eady 1949) and other numerical studies (e.g., Rhines 1977) . About a month after the beginning of integration the centers of deep eddies are shifted away from the jet axis because of nonlinear ef- fects (day 40 in the figure). The presence of the bottom slope results in the deep eddy phase locking with the meanders, leading to saturation of the meander packet peak amplitude. The meander amplitude decays behind the packet peak, while like-sign deep eddies merge. As a result, a zonal, nearly barotropic, flow is formed. This additional circulation intensifies the mean jet. Furthermore, recirculations are generated to the north and south of the jet (day 60 in the figure) in a manner similar to what was found in the two-layer simulations by Rhines (1977) . This additional circulation formed behind the meander packet appears to equilibrate the jet since no more meander growth can be seen in this region.
The full cycle of the meander packet evolution over a sloping bottom can be subdivided into four distinct stages (Swanson and Pierrehumbert 1994; Sutyrin et al. 2001; Wood and Ikeda 1994) : the initial transient disturbance evolution stage, the linear stage, the nonlinear stage, and the saturation stage. Figure 4 illustrates these stages using the time evolution of the meander packet amplitude over 0.0035 bottom slope as an example.
During the first stage, the initial disturbance rearranges itself to form an envelope of exponentially growing unstable modes. Each growing mode can be simply viewed as a disturbance of sinusoidal form on the density front associated with a chain of bottom-intensified cyclones and anticyclones. The approximate analytical form of these modes can be obtained by conducting a linear stability analysis .
The second stage is characterized by the exponential growth of the unstable modes. During this stage, the maximum amplitude of the meanders grows exponentially but remains small compare to the wavelength of the most unstable mode. The chain of bottom-intensified cyclones and anticyclones remains aligned along the initial jet position (day 20 in Fig. 3 ). When the maximum amplitude of the meanders becomes comparable with the wavelength of the most unstable mode, the evolution of the meander packet enters the nonlinear stage. During this stage the meander packet continues to grow at a nearly exponential rate; however, because of the steepness of meanders, the nonlinear effects come into play, limiting the applicability of the linear theory. Because of vertical coupling with the meander crests (troughs), the bottom-intensified cyclones (anticyclones) start to move north (south) respectively away from the initial jet position (day 40 in Fig. 3) .
In brief, the mechanism of vertical coupling can be summarized as follows: horizontal displacements of the upper-layer front lead to stretching/compression in the lower layer that generates relative vorticity due to PV conservation, that is, deep eddies. Thus, deep eddies tend to follow the motion of the upper-layer front. During the linear stage of the meander growth, the front displacements are associated almost exclusively with the downstream meander propagation. This propagation is purely zonal; accordingly, the deep eddies move zonally, remaining aligned with the front. In the nonlinear stage the meander growth provides significant meridional component to front displacements ''dragging'' the deep eddies along away from the initial front axis.
The fourth stage is characterized by saturation of the meander growth (day 60 in Fig. 3 ). During the saturation stage the meander packet continues to propagate downstream with constant amplitude leaving behind a modified jet. We will further refer to this process as the process of jet equilibration.
The meander packet evolution shown in Fig. 4 was triggered with a Gaussian-shaped initial disturbance of the jet trajectory. The amplitude of the disturbance in this case was 2 km. In order to investigate the sensitivity of our results to the amplitude of the initial disturbance, we repeated the same experiment using three different initial disturbances. Figure 5 shows the intercomparison of the resulting maximum meander amplitude evolutions. The dashed line shows the packet evolution triggered by an initial disturbance with a 2-km amplitude (same as Fig. 4 ), while the dashed-dotted and solid lines show the evolutions triggered by 10-and 20-km amplitude disturbances, respectively. As one can see, the time required for the solution to reach the saturation stage is decreased for the larger initial disturbances. For a 20-km amplitude disturbance the saturation stage is reached after approximately 33 days. The time reduction is mostly due to the shorter linear stage. In fact, the linear stage of exponential growth is almost completely absent in the case of the large initial disturbance. The initial adjustment stage evolves almost immediately into the nonlinear stage. The important feature, however, is that the saturation amplitude of the packet is almost identical in all three cases, remaining unaffected by the size of the initial disturbance.
Asymmetry of the equilibrated jet
The principal result of the basic experiment is the equilibration of the jet behind the meander packet over a sloping bottom. In this section we investigate the structure of the equilibrated jet and its dependence on the bottom slope. The most notable and robust feature of the equilibrated jet is its cross-stream asymmetry, which manifests itself in higher intensity of the northern recirculation gyre relative to the southern gyre.
The asymmetry is readily identified in amplitudes of meanders, seen as the difference in amplitudes of crests and troughs, and in the intensity of deep eddies, seen as the difference in intensity of the deep cyclones and anticyclones associated with each meander. We first consider the asymmetry as it is seen in the amplitudes of meanders. The left panel of Fig. 6 shows the time evolution of the maximum meander amplitude for the case of 0.0035 bottom slope. The meander amplitude is defined as described in section 3. The thick dashed line indicates the initial position of the jet. The thick solid line north of the initial position (positive y) indicates the maximum amplitude of the meander crests, while the line south of the initial position (negative y) indicates the maximum trough amplitude. The same stages of meander packet development that are shown in Fig. 4 can be observed here as well, only the exponential growth stage is somewhat harder to identify because of the linear y scale. As can be seen from the figure, the maximum amplitudes of the crests and the troughs remain the same throughout the linear stage of exponential growth and the beginning of the nonlinear stage until approximately day 25 of integration. The small initial difference in the beginning of the integration is due to the asymmetry of the initial disturbance. Soon after day 25 the maximum trough amplitude comes to saturation, while the maximum crest amplitude continues to grow VOLUME 34 until approximately day 32, thus, reaching a higher saturation amplitude in comparison with the trough amplitude.
As illustrated by Sutyrin et al. (2001) , the growth of meander crests and troughs described above is produced by a cross-stream velocity component in the deep cyclones and anticyclones. The deep cyclones and anticyclones are associated with PV anomalies in the lower layer and they, in turn, are created by cross-stream motions in the presence of a cross-stream PV gradient as a part of the process of baroclinic instability. The PV anomalies in the lower layer induce relative vorticity in the upper layer, thus providing an important feedback mechanism for meander growth. The relative vorticity induced in the upper layer is proportional to the relative vorticity in the lower layer with the coefficient of proportionality being around 0.5 depending on the stratification. Thus, the meander crest and trough growth rate can be related to the intensity of deep cyclones and anticyclones.
The upper panel of Fig. 7 shows a meander packet after 50 days of integration. The thick solid line indicates the jet trajectory; it is superimposed by the geostrophic component of the pressure anomaly field at 2500 m (light and dark shaded contours indicate positive and negative regions correspondingly), which was calculated by inverting the vorticity field. The intensity of the cyclones is more than 2 times the intensity of the anticyclones. Figure 8 shows the result of the jet evolution after 60 days of integration. The jet trajectory, indicated with a boldface solid line, is superimposed by the velocity vectors at 2500 m. By this time the meander packet's trailing edge is located approximately 800 km downstream from the location of the initial disturbance. Just behind the meander packet, the jet is nearly straight. Small undulations of the jet trajectory appear to propagate downstream without further amplification, which indicates that the jet behind the packet has equilibrated, that is, has become baroclinically stable. The most notable feature of the equilibrated jet structure that distinguishes it from the initial baroclinically unstable jet is the presence of two recirculation gyres north and south of the jet that can be clearly seen in the deep velocity field shown on the figure. Similar to the deep eddies these recirculations have a strong barotropic component penetrating all the way to the surface.
The structure of the recirculations formed behind the meander packet can be better revealed by zonal averaging of the zonal velocity component at 2500 m. The zonal averaging is done within the shaded region in the Fig. 8 . The result of the averaging is shown on the lower panel of the same figure. The characteristic width of each recirculation gyre is about 200 km. Both gyres join together beneath the jet, forming a nearly barotropic jet. The jet has an approximately Gaussian shape with a characteristic width of 150 km. The peak velocity in the jet at 2500-m depth reaches 10 cm s Ϫ1 . The most prominent feature is the asymmetry in the intensity of the gyres as measured by their westward peak velocity. The peak westward velocity in the northern gyre reaches 12 cm s Ϫ1 , while in the southern recirculation gyre it is less than 5 cm s Ϫ1 . Figure 9 shows the intensities of the recirculations as functions of time. The intensities of the recirculations are estimated as magnitudes of the westward transport in the lower layer, that is, under the main thermocline. The westward transport is averaged zonally over ap- proximately the same zonal interval that is shown shaded in Fig. 8 . The same stages of meander packet evolution that were identified in the time series of the maximum meander amplitude (Fig. 4) can be identified in the time series of the deep westward transport. The stage of nonlinear adjustment occurs between days 35 and 50 following the stage of initial exponential growth. During this stage the individual deep eddies merge together to form relatively uniform recirculation gyres behind the packet. The nonlinear adjustment stage is characterized by the peak in northern recirculation intensity, which decreases while continuous recirculations form. The saturation stage occurs roughly after day 50 when the westward transport in both northern and southern recirculation gyres becomes quasi-stationary. The intensities of the recirculations do not become constant: they continue to slowly evolve during the saturation stage.
The asymmetry of the equilibrated jet is now analyzed as a function of the bottom slope for slope values ranging from 0.0025 to 0.004. The lower limit is chosen to exceed the critical value, above which ring formation is suppressed . The upper limit of the bottom slopes range was dictated by the numerical constraints of the POM. Figure 10 shows the ratio of the northern to the southern recirculation intensities as a function of time for different values of the bottom slope. One can see that for all bottom slopes the ratio of the recirculation intensities monotonically decreases with time. The decrease is associated with the adjustment process that is taking place behind the meander packet; that is, the initially stronger northern recirculation weakens while the initially weaker southern recirculation intensifies, leading the decrease of the ratio. By approximately day VOLUME 34 53 of integration, the recirculation ratio equilibrates at a constant value, which does not seem to depend upon the bottom slope. For all bottom slopes the northern recirculation appears to be approximately 1.7 times as strong as the southern recirculation. It is a rather interesting result considering the fact that the absolute intensities of both recirculations depend strongly upon the bottom slope, which is a direct consequence of the PV mixing mechanism of the jet equilibration described in Sutyrin et al. (2001) .
Comparison with observations
It is interesting to see whether the cross-stream asymmetry discussed above can be found in observations of the GS between 73ЊW and the New England Seamounts; that is, the region where cross-stream bottom slope is within the range considered in our experiments. Clearly, a direct comparison of the model results with observations is not feasible because of significant idealizations in the numerical experiments. Probably the most significant simplification is the assumption of a uniform bottom slope. In reality, the magnitude of the bottom slope varies in both cross-stream and along-stream directions. These variations are likely to affect the development of deep eddies at the nonlinear stage, when the deep eddies become large enough to feel the bottom topography. Therefore, we can expect that the details of the phase locking of deep eddies and meanders in observational data will differ from the idealized numerical experiments. Since the phase locking of the deep eddies and the meanders determines the final maximum amplitude of meanders, we can also expect the observed maximum meander amplitudes to be different from the amplitudes predicted by the model. Furthermore, the unperturbed initial position of the GS needed to calculate the meander amplitudes in crests and troughs is not well determined, thus making the direct comparisons with the model simulations even more difficult. Instead, we will focus our comparison on the asymmetry in deepeddy amplitudes and amplitudes of the recirculations. The deep-eddy intensity (and related recirculations in- tensity) appears to be a robust characteristic fairly independent on the bottom topography. As will be discussed in section 6, the asymmetry in the deep-eddy intensity and intensities of the recirculations is related to the vertical tilt of the jet structure and, therefore, should be well represented in our numerical experiments. Thus, we can expect to see in observational data the manifestations of the asymmetry in deep-eddy and recirculations intensities similar to the one seen in the model results. One of the most extensive studies of mesoscale processes in the GS was undertaken during the Synoptic Ocean Prediction (SYNOP) field experiment (e.g., Johns et al. 1995; Watts et al. 1995) . As a part of the experiment an array of moored sensors was deployed near 68ЊW (Central Array). The array measured velocity and temperature at four levels in the water column, as well as the upper and deep level streamfunctions, all with mesoscale resolution. Note, the SYNOP field experiment included another array of moored sensors deployed near 55ЊW where the GS meandering regime is different from the one considered in this paper. This regime is characterized with intensive eddy shedding permitted by nearly flat bottom topography in this region (e.g., Bower and Hogg 1996) .
Bottom pressure and velocity observations at the Central Array revealed repeated periods of intense abyssal eddies. These deep eddies are characterized by strong swirl speeds (Ͼ0.3 m s Ϫ1 ) and are long lived (typically lasting 6-9 weeks); they were shown to maintain their size over lifetimes of observed events (Savidge and Bane 1999) . The deep cyclones were typically located beneath meander troughs, while the anticyclones were located beneath meander crests . A comparison of the maximum pressure anomaly associated with deep cyclones and anticyclones in these and other events observed during SYNOP reveals that the intensity of deep cyclonic eddies is substantially (sometimes more than 2 times) higher than the intensity of deep anticyclonic eddies. Examples of this behavior are illustrated in Fig. 11 showing two events observed during the spring of 1989. The left panel shows a meander crest and associated deep anticyclone, while the right panel shows a meander trough and associated deep cyclone.
These observational results are in qualitative agreement with the results of our numerical experiments. In particular, the upper panel of Fig. 7 shows the simulated meander packet evolution 50 days after the beginning of integration. As before, the jet position is indicated with a thick solid line. The shaded contours indicate the normalized pressure anomaly field at 2500-m depth. The deep cyclones are more than 2 times as intense as the deep anticyclones. The figure shows mostly the central part of the meander packet where the meander amplitudes reach the maximum and, therefore, are in the nonlinear stage of development. The deep eddies at the saturation stage maintain their size for a long time (a month or longer), and the deep cyclones are located beneath meander troughs while the anticyclones are lo-
11. Two GS meander events observed during SYNOP field experiment (from Watts et al. 1995) . Thick solid contours indicate the pressure field at 400-m depth, thin contours indicate the pressure anomaly field at 2500-m depth: (left) a meander crest and, associated with it, deep anticyclone; (right) a meander trough and, associated with it, deep cyclone. cated beneath meander crests, implying that the observed meanders were also in (or close to) the amplitude saturation stage.
Although there is no direct observational evidence of the intensity of GS recirculations, it was concluded by several authors on the basis of the GS transport and moored current observations in the sloping water (Johns et al. 1995) and on the basis of cross-stream inflow magnitude (Halkin and Rossby 1985) that the magnitude of the northern recirculation is at least twice as high as the magnitude of the southern recirculation between Cape Hatteras and 65ЊW. This conclusion is also in good agreement with our numerical results.
The source and physical mechanism of the jet asymmetry
In this section we identify the physical mechanism that leads to the asymmetry in the equilibrated jet structure. A number of studies have shown that the spanwise asymmetry in the structure of a jet can affect the downstream evolution of the flow. For example, Bush et al. (1995) has demonstrated that the jet structure asymmetry affects strength and frequency of ring formation, thereby affecting the cross-stream heat and momentum transports. It is important to distinguish, however, between the cross-stream jet structure asymmetry considered by Bush et al. (1995) and the asymmetry considered in the present study. The former involves the gradual southward shift of the jet velocity maximum with depth. The latter, even though it is the consequence of the same effect, involves the shift between the position of the unperturbed density front in the upper thermocline relative to the center of the PV profile in the lower layer.
The fundamental difference is that the asymmetry considered by Bush et al. (1995) does not take the lower, initially motionless, layer into consideration. In the present study, however, we demonstrate that it is the shift between the upper jet PV front and deep PV front that has the key effect on the asymmetry in the jet equilibration process. Because of this shift, even an absolutely symmetric meander tends to produce an asymmetry in the lower-layer PV stirring since the meandering is centered about the position of the unperturbed density front in the upper thermocline. Subsequently, the equilibrated jet created by the process of deep PV stirring tends to have an asymmetric structure.
The asymmetry mechanism associated with the lateral shift between the upper position of the jet and the center of the lower layer PV profile can be illustrated for the case of a two-layer ocean. Here we present this illustration in two steps: first we establish a simplified framework allowing to visually illustrate the mechanism of a two-layer baroclinic jet equilibration over a sloping bottom, then we use this framework to demonstrate how the asymmetry mechanism works. The equilibration mechanism is illustrated in Fig. 12 , while the asymmetry mechanism is explained in Fig. 13 .
Two upper panels on Fig. 12 show schematically a meandering two-layer jet directed into the figure plane. The jet's initial state is indicated with dashed lines in both panels; solid lines indicate the jet state in a meander crest (upper panel) to a step function, which is a characteristic feature of a GS-type jet (Logoutov et al. 2001 ). The sharp northsouth PV gradient in the upper layer presents a convenient way to determine the position of the jet in the upper layer. We define the location of the jet in the upper layer as the location of the corresponding PV jump. Since the lower layer is initially motionless, its PV structure is determined entirely by the layer thickness and has a characteristic form of a ''wiggle'' with two local extrema located at the points where the slope of the thermocline becomes equal to the bottom slope.
As the jet meanders, its upper-layer PV structure, as well as the layer interface, shifts north and south of its initial position. Each meander crest and trough has a depth-intensified cyclone and anticyclone (deep eddies), respectively, associated with it. The deep eddies are indicated with arrowed ellipses in the figure. The dashdotted vertical lines indicate the weak coupling between the eddies and the meanders in the upper layer provided by the squashing and stretching of the lower layer. Overall the system can be viewed as a giant mixer, with the upper jet representing the handle and the deep eddies representing the spinning blades attached to the handle. As a meander grows and propagates downstream, the deep eddies (the mixer blades) tend to move with it and away from the center, advecting lower-layer PV and homogenizing it. The dotted vertical lines indicate the VOLUME 34
14. Density layers and bottom topography after lower-layer PV shift. The lower-layer PV profile was shifted northward by 24 km through modification of bottom topography. The original topography (before the shift) is shown with the dashed line. Fig. 6 but for the experiment with shifted lower-layer PV. lateral extent of the PV homogenization in the lower layer, which is determined by the position of the jet in the upper layer. The lower panel of Fig. 12 shows the lower-layer PV profile in an equilibrated jet resulting from the process of PV homogenization.
FIG. 15. As in
The PV homogenization process creates a PV anomaly in the lower layer: here the term ''PV anomaly'' refers to the difference between the initial PV structure and the structure after the jet equilibration. The type of ocean response to a PV anomaly depends on the size of the anomaly relative to the relevant deformation radius: for PV anomalies smaller than the deformation radius the response consists predominantly of relative vorticity, while for PV anomalies larger than the deformation radius the response consists predominantly of stretching (Pedlosky 1987) . The PV anomalies in the lower layer that resulted from the process of homogenization have the characteristic horizontal scale on the order of the baroclinic radius of deformation (characteristic scale for the jet width). The thickness of the lower layer comprises nearly two-thirds of the entire ocean depth; hence, it is the barotropic radius of deformation that is relevant to the ocean response to the PV anomalies in the lower layer. Since the barotropic radius of deformation is much greater that the baroclinic radius, that is, much greater than the horizontal scale of PV anomalies, the ocean response to the lower-layer PV anomalies should predominantly consist of the relative vorticity.
The PV structure of the equilibrated jet is uniform along the jet; hence, the corresponding flow has to be two-dimensional. Thus the ocean response to the PV anomaly created in the lower layer by the process of PV homogenixation consists of a nearly barotropic current whose cross-stream shear creates the relative vorticity necessary to compensate for the PV anomalies. The velocity field in the lower layer can be approximately calculated by simply integrating the lower-layer PV anomaly in the cross-stream direction. The resulting velocity field has the characteristic form of recirculations seen in our experiments; that is, there is a flow directly beneath the jet in the same direction as the jet flow and there are return flows north and south of the jet. Now, after we introduced the simplified schematic picture of a baroclinic jet equilibration over sloping bottom, it is easy to illustrate how a lateral shift of the upper stream position leads to an asymmery in recirculation. The asymmetry mechanism is illustrated in The lower panel in Fig. 13 shows the normalized cross-stream velocity profile in the lower layer calculated by integrating the PV anomalies produced by the PV homogenization in the upper panel. As one can see, shifting the homogenization zone, which corresponds to shifting the initial upper jet position, to the north brings a larger portion of high-PV water into the mixture, producing stronger northern recirculation. In the realistic case (dashed line) the northern recirculation is 2 times as strong as the southern recirculation, while in the artificial case, that is, for the initial jet position shifted south, the strengths of the recirculations are the same.
The ''symmetrization'' method applied above to illustrate the nature of the asymmetry was used to construct a full three-dimensional experiment intended to show that the initial vertical tilt of the jet velocity structure is indeed the primary source of the asymmetry in the system. In particular, the numerical experiment described below demonstrates that the equilibrated jet becomes symmetric once the initial vertical tilt of the jet structure is removed. Since the lower layer is initially at rest, the vertical shift in the jet structure can be eliminated without changing the stream density structure. The necessary shift can be achieved by simple modification of the topography beneath the jet. Figure 14 shows the bottom topography configuration, which shifts the bottom PV profile northward by ϳ36 km (three grid points). The dashed line on the figure indicates the original topography configuration. The resulting lower-layer PV profile is shown on the right panel of Fig. 15 . As one can see, the center of the profile now coincides with the position of the jet near the surface while the shape of the profile remains unchanged.
The numerical experiments described in section 4 were repeated with the modified initial jet structure (shifted lower-layer PV profile). The results are shown for 0.0035 bottom slope. Figure 15 shows the time evolution of maximum crest and trough amplitudes (cf. with Fig. 6 ). Figure 16 shows the intensity and cross-stream structure of the recirculations associated with the equilibrated jet (cf. with Fig. 8 ). As one can see, the asym-VOLUME 34 J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y metries in both the equilibrated jet structure and meandering amplitudes are gone.
Summary
The development of a small initial disturbance on a baroclinically unstable jet over a sloping bottom was studied using a three-dimensional primitive equation model. The jet was shown to equilibrate itself through the process of deep potential vorticity mixing generated by meanders. This numerically simulated jet equilibration can be related to the observed periods of the GS equilibration, providing the motivation for the study of the equilibrated jet structure using idealized numerical experiments.
Cross-stream asymmetry was found to be a characteristic feature of the equilibrated stage of meander packet development. The equilibrated jet was shown to have an asymmetric structure that consists of a higherintensity northern recirculation gyre and a weaker-intensity southern recirculation gyre. The asymmetry of the equilibrated jet is accompanied by the asymmetry in the meander packet evolution that manifests itself in higher-intensity deep cyclones relative to the intensity of deep anticyclones and in the form of meanders. In particular, the amplitudes of meander crests are higher than the amplitudes of meander troughs. The asymmetry of the equilibrated jet was found to be practically independent of the amplitude of the bottom slope in the range considered.
The vertical tilt in the initial jet structure was shown to be responsible for the asymmetry in the equilibrated jet. A physical mechanism that leads to the equilibrated jet asymmetry was also suggested. The tilt in the vertical structure of the jet is proven to be responsible by the technique of contraposition. Numerical simulations were used to demonstrate that the process of jet equilibration becomes symmetric once the tilt of the initial jet vertical structure has been removed.
Even though good qualitative agreement was found between the idealized numerical experiments and observed real meandering events in the GS at 68ЊW, the behavior of the real GS is certainly more complicated. In particular, the nonuniform character of the continental slope between Cape Hatteras and 65ЊW (New England Seamounts) is expected to affect significantly the meander equilibration stage. Further studies are warranted to investigate the effect of more realistic topography on jet equilibration.
